Investigating life history traits in mammals is crucial to understand their survival in changing environments. However, these parameters are hard to estimate in a macroevolutionary context. Here we show that the use of dental ontogenetic parameters can provide clues to better understand the adaptive nature of phenotypic traits in extinct species such as South American notoungulates. This recently extinct order of mammals evolved in a context of important geological, climatic, and environmental variations. Interestingly, notoungulates were mostly herbivorous and acquired highcrowned teeth very early in their evolutionary history. We focused on the variations in crown height, dental eruption pattern, and associated body mass of 69 notoungulate taxa, placed in their phylogenetic and geological contexts. We showed that notoungulates evolved higher crowns several times between 45 and 20 Ma, independently of the variation in body mass. Interestingly, the independent acquisitions of ever-growing teeth were systematically accompanied by eruption of molars faster than permanent premolars. These repeated associations of dental innovations have never been documented for other mammals and raise questions on their significance and causal relationships. We suggest that these correlated changes could originate from ontogenetic adjustments favored by structural constraints, and may indicate accelerated life histories. Complementarily, these more durable and efficient dentitions could be selected to cope with important ingestions of abrasive particles in the context of intensified volcanism and increasing aridity. This study demonstrates that assessing both life history and ecological traits allows a better knowledge of the specializations of extinct mammals that evolved under strong environmental constraints. dental ontogeny | hypsodonty | abrasion | notoungulates | South America
Investigating life history traits in mammals is crucial to understand their survival in changing environments. However, these parameters are hard to estimate in a macroevolutionary context. Here we show that the use of dental ontogenetic parameters can provide clues to better understand the adaptive nature of phenotypic traits in extinct species such as South American notoungulates. This recently extinct order of mammals evolved in a context of important geological, climatic, and environmental variations. Interestingly, notoungulates were mostly herbivorous and acquired highcrowned teeth very early in their evolutionary history. We focused on the variations in crown height, dental eruption pattern, and associated body mass of 69 notoungulate taxa, placed in their phylogenetic and geological contexts. We showed that notoungulates evolved higher crowns several times between 45 and 20 Ma, independently of the variation in body mass. Interestingly, the independent acquisitions of ever-growing teeth were systematically accompanied by eruption of molars faster than permanent premolars. These repeated associations of dental innovations have never been documented for other mammals and raise questions on their significance and causal relationships. We suggest that these correlated changes could originate from ontogenetic adjustments favored by structural constraints, and may indicate accelerated life histories. Complementarily, these more durable and efficient dentitions could be selected to cope with important ingestions of abrasive particles in the context of intensified volcanism and increasing aridity. This study demonstrates that assessing both life history and ecological traits allows a better knowledge of the specializations of extinct mammals that evolved under strong environmental constraints. dental ontogeny | hypsodonty | abrasion | notoungulates | South America A n understanding of the life history of mammals in their ecological context is essential to predict how these animals may have coped with past environmental and climatic variations. The life history of mammals reflects behavioral, physiological, and anatomical adaptations that have a direct impact on survival and reproductive success (1) . Life history traits are in turn directly influenced by size and lifestyle, reflecting the adaptations of mammals to their environment (2, 3) . However, life history parameters such as fecundity, the age at sexual maturity, longevity, or mortality often cannot be quantified precisely in extinct species. Estimations of body size (or mass) alone do not allow accurate inferences on life history traits because of intrinsic variations depending on ecological factors (2, 4) . For these reasons, bone histology is frequently used in extinct species for physiological inferences (5, 6) .
Dental growth measured using crown height can, however, provide data on both ecology and longevity (7) (8) (9) . Moreover, studying dental replacement, especially the timing of postcanine eruption, can give insights into the pace of life or ecology (10) (11) (12) . The late eruption of molars compared with permanent premolars can for instance be associated with a slow pace of growth in some mammals (e.g., humans, hippos, rhinos) (11) . However, this relationship, previously summarized under Schultz's "rule," cannot be generalized to all mammals (12, 13) . It has also been suggested that the time of eruption of the first molars is a suitable predictor of the pace of life (e.g., longevity, maturity, weaning period) in some mammals (e.g., primates, ruminants) (10, 12) . Consequently, the scrutiny of dental ontogenetic patterns may prove very insightful to understand changes in life history and ecology, and therefore to assess the impact of environmental changes on extinct mammals.
During the Cenozoic, the long isolated South American continent underwent drastic geological, climatic, and environmental changes that might have severely affected endemic mammalian faunas (14) (15) (16) (17) . Among these mammals, the extinct order of Notoungulata was highly diversified taxonomically and consisted of rodent-sized up to rhino-sized taxa (18) (19) (20) . They exhibited very advanced dental specializations thought to be related to herbivory (21, 22) . Interestingly, high-crowned teeth (i.e., hypsodonty) evolved among notoungulates during the Paleogene more than 10 million years before their appearance in the majority of other mammalian groups (17, (21) (22) (23) (24) . For instance, intense crown height increase occurred during the Middle Miocene-Pliocene period in mammals from northern continents, such as ruminants, and also perissodactyls (e.g., Equidae, Elasmotheriinae) (8, 21, 22, 24) , the closest extant relatives of notoungulates (25, 26) . Most remarkably, a crown height increase convergently evolved in four distinct notoungulate clades
Significance
Estimating life history traits such as pace of growth or longevity is difficult in extinct mammals. Yet, these parameters could be helpful to better understand how herbivorous mammals adapted to changing environments. We here highlight the insights gained by studying dental growth and eruption in a clade of extinct ungulate mammals. Variation in these traits was assessed in the context of volcanism, cooling, and increasing aridity in South America starting 50 Ma. We show that ever-growing teeth combined with faster molar eruption arose several times during the evolution of these mammals, allowing them to obtain a more durable and efficient dentition in constraining environments. These innovations might represent convergent ontogenetic and physiological adjustments that contributed to their ecological specialization.
(e.g., Toxodontidae, Interatheriidae, Mesotheriidae, and Hegetotheriidae). This repeated innovation was likely selected to withstand high dental wear during mastication (17, 27) . It was also assumed to be related to the successive orogenic, volcanic, and erosive phases of the Andean Cordillera starting from the Late Paleocene (approximately 57 Ma) (28) , which involved subsequent deposition of abrasive detritic particles on plants (16, 29, 30) .
The comparative ecology and life history of the different groups of notoungulates remains, however, poorly understood. Here, we provide data allowing a more complete overview of the convergent crown height increases and associated dental ontogenetic changes in notoungulates to better understand their evolution with respect to environmental variations taking place in South America from the Late Paleocene onwards. For this reason, we studied and compared the evolutionary patterns of dental growth (Fig. 1A) and eruption (Fig. 1B ) in different clades of notoungulates along with estimated body mass in the context of a consensual and well-resolved phylogeny. We also put these original data into a geological framework to estimate the variations in ecological and life history traits that may be related to major geological and climatic events during that time.
Results and Discussion
Convergent Increase of Dental Crown Height in Notoungulates. The parsimony reconstruction of character evolution indicates that notoungulates acquired high-crowned cheek teeth at least three times during their evolutionary history (Fig. 2) . Specialization toward ever-growing dentitions (i.e., hypselodonty) then convergently spread among the four last-existing monophyletic families of notoungulates (Toxodontidae, Interatheriidae, Mesotheriidae, and Hegetotheriidae). As is evident from the examination of phylogenetic distributions (Fig. 2) , there is no significant correlation between crown height and estimated body mass in notoungulates. Such a lack of a significant correlation is exemplified by the Toxodontidae, and most of Mesotheriidae, which show larger body masses than the Hegetotheriidae and Interatheriidae, whereas they have similar variations regarding crown height. As a result, it can be considered that a crown height increase is not directly influenced by body mass, as was previously suggested for some notoungulates (31) and other mammals (9) .
Because they lived in environments on which soil minerals (dust and grit) were likely deposited to an important degree due to volcanic activity (16, 17, 29) , high-crowned teeth may have allowed notoungulates to cope with the ingestion of such external abrasive particles that strongly wear teeth during chewing. In the presence of external abrasives, wear rates may have also been enhanced by an increase in the pressure and intensity of chewing, especially given a diet including many fibrous plants with a low nutritive value (e.g., grass and grass-like plants, some shrubs) (27) . This increase might also be related with digestive abilities assumed to be less efficient in notoungulates than ruminants, but closer to those of their extant relatives (e.g., horses, rhinos), for which the amount of food intake is higher and the chewing effort greater (17) . It is important to point out that the presence of abundant external abrasive particles would have especially affected animals eating a greater proportion of plants close to the soil (i.e., herbaceous to shrubby plants). That may have been the case of some South American mammals, such as notoungulates, small argylagoid marsupials, and grounddwelling caviomorph rodents, which convergently acquired high-crowned dentitions (17) .
Striking Convergent Modifications of Dental Eruption Patterns and
Life History Traits. Data on the modes of dental eruption show a very similar distribution to crown height on the cladogram, with a reversal from third molars erupting last to third molars erupting faster than permanent premolars in the four late diverging families (Fig. 2) . The details of their eruption sequence slightly differ from one clade to another (Fig. 2) . Indeed, in Toxodontidae, the eruption of third molars occurs only before the eruption of the last permanent premolars (P4), as observed in horses (11) . In contrast, the third molar erupts before the eruption of most permanent premolars (P2-P4) in Typotheria (i.e., the Hegetotheriidae, Interatheriidae, and Mesotheriidae), a pattern known in many specialized herbivores, including ruminants (11) .
Interestingly, it has been proposed that both horses and ruminants show a relative fast pace of growth (2) associated with faster molar eruption (11) . A faster eruption of the third molars compared with permanent premolars was first observed in a mesotheriid by Townsend and Croft (32) , who proposed a faster growth for this notoungulate, although they acknowledged not having enough data to further substantiate their observations. More recently, a few craniodental ontogenetic series were described in Mesotheriidae and Toxodontidae (33) , which enabled study of genera showing skulls at different states of dental eruption (Fig. 2 , Trachytherus and Mesotherium; Adinotherium and Nesodon). Interestingly, the entire set of molars erupted much faster compared with cranial growth in the late diverging mesotheriid genus, Mesotherium, than in the earliest known genus, Trachytherus. More precisely, the eruption of all of the molars was completed in specimens of Mesotherium presenting a skull that was only 50-60% of the adult skull size (34) . In contrast, the first molars were not yet erupted at this stage in Trachytherus, and the eruption of all molars was completed only in adults (33) . In toxodontids, the comparison of Adinotherium and Nesodon shows similar trends, but to a lesser extent, given that there is only a slight discrepancy in dental eruption between these taxa (Fig. 2) . In Adinotherium and Nesodon, the molars were all erupted at 100% and 85% of the adult skull size, respectively (33) . In addition, the first molars also erupted earlier in Nesodon (60% of the adult skull size) than in Adinotherium (70% of the adult skull size). Thus, both the faster eruption of molars compared with permanent premolars, and precocious eruption of first molars compared with skull growth may suggest a faster life history in some late diverging clades of notoungulates (Fig. 2) , especially compared with similar trends observed in extant ruminants, horses, and some primates (10) (11) (12) .
It is worth mentioning that body size (or body mass) is known to constrain life history evolution in mammals to a large degree (2, 4, 12) . In that context, the interpretation of the sequence and timing of dental eruption into pace of growth patterns should be considered with caution. However, body mass appears to play a reduced role regarding ontogenetic dental changes in notoungulates (Fig. 2) . Moreover, in specialized taxa, such as herbivores, and in unstable environments, life history traits were shown to be more dependent on ecology than on body size (2, 4) . This may also hold true for notoungulates. In addition to these putative changes in life history, the repeated acquisition of a faster molar eruption in notoungulates can also be related to a faster acquisition of a full set of teeth to rapidly allow an efficient dentition for plant comminution. Comparison of the distributions of crown height states, body mass, and modes of dental eruption on the composite tree of notoungulates (Material and Methods provide details). Red branches emphasize the repeated codistributions of ever-growing cheek teeth and faster eruption of molars in the highlighted clades of notoungulates. Gray and orange branches represent the other states for each character depicted in the captions. Black branches represent an absence of data for the respective character. P, premolars; M, molars. Names of Plesiotypotherium achirense, "Plesiotypotherium" minus, Trachytherus spegazzinianus, and Trachytherus alloxus were shortened. *Taxa for which timing of dental eruption relative to skull growth is known and discussed in the text (33, 34) .
Correlated Dental Specializations and Structural Constraints. As clearly evidenced by the codistributions of character states (Fig.  2) , pairwise comparisons show a near-significant correlation (P = 0.0625; 252,144 pairings) (35) between the occurrence of evergrowing cheek teeth and third molars erupting faster than permanent premolars in notoungulates. However, even if evergrowing teeth and modifications of the pattern of dental eruption show an almost perfectly replicated codistribution, some differences still exist in their timing of appearance. The geologically earliest occurrence of this modified eruption sequence (i.e., faster eruption of third molars) was reported for Interatheriidae and occurred during the Late Eocene (approximately 35 Ma) (36, 37) . This modification preceded a significant crown height increase in the clade (Fig. 3A) . This pattern slightly contrasts with other hypselodont notoungulate clades that present almost strictly replicated codistributions of ever-growing cheek teeth and faster molar eruption (Fig. 2) . In fact, although it partly depends on the optimization of some undocumented or polymorphic taxa, a slightly earlier acquisition of ever-growing dentitions for the Mesotheriidae and the Hegetotheriidae, and a possible contemporaneous achievement of both features in Toxodontidae may be proposed (Fig. 3A) . In any case, it appears that, irrespective of the loose or strict temporal fit of their first occurrences, similar modifications of the eruption sequence systematically accompany the convergent evolution of hypselodonty in notoungulates at some point in their history.
The striking and repeated combination of dental innovations observed in late diverging families of notoungulates has never before been reported for mammals. It is worth mentioning that extant ruminants encompass many species with high-crowned teeth associated with fast eruption of molars, but their hypsodonty index is not significantly correlated with their eruption pattern (12) , as may also be assumed for the earliest interatheriid notoungulates. Nonetheless, inherent structural constraints may have facilitated these ontogenetic modifications in different families of notoungulates. More precisely, the continuous increase of crown height could have favored modifications of the dental eruption sequence by means of similar ontogenetic (14, 16, 28, 48 ).
adjustments. In addition to lengthening the efficiency of the dentition, increasing the duration of crown growth could allow for postponing the time when teeth reach their maximal length (i.e., adult length) during a lifetime, conversely to lowcrowned species for which the length is maximal as teeth appear. This delay has notably been observed in Neogene Mesotheriidae and Toxodontidae, for which dental lengths are smaller in juveniles than in adults (34) . Consequently, more space should be available for the development of molar teeth at the back of the jaw in young notoungulates, even if the number of teeth in the jaw is not reduced (i.e., no diastema), as in some Hegetotheriidae and Toxodontidae. This early development of molars was facilitated in derived species, such as some Hegetotheriidae and Mesotheriidae, having a reduced dentition. Therefore, structural and ontogenetic trade-offs may also be partly responsible for the unique pattern of correlated and convergent dental specializations observed in notoungulates, possibly adding a further striking example of the major role played by these parameters on morphology (38) .
Correlated Dental Specializations in Constraining Environments. Interestingly, some of the dental innovations, especially crown height increase, contemporaneously occurred in notoungulates and other South American mammals, such as caviomorph rodents (e.g., Chinchilloidea, Cavioidea) and argyrolagoid marsupials (17) (Fig. 3A) . One might therefore hypothesize that most of these dental innovations were influenced by similar external factors, because of their correlated and convergent occurrence, and their close temporal proximity. Among them, the Andean uplift in association with global cooling (Fig. 3B ) may have partly driven increasing aridity in environments, as previously demonstrated for the southern part of South America since the Eocene (Fig. 3C) . Strikingly, the main periods of crown height increase and modification of the eruption sequence in notoungulates includes the main episodes of uplift intensification (i.e., Middle Eocene, Early Oligocene, and Early Miocene) (14) . As also suggested by Kohn et al. (30) , such variations in volcanic activity and climate in South America may have slowly driven crown height increase through the high abundance of dust adhering to plants ingested by notoungulates and other herbivorous mammals eating plants occurring mainly close to the soil.
Although it remains difficult to accurately evaluate the direct influence of these external factors on the entire set of correlated dental innovations observed in notoungulates, we propose some ecological and physiological avenues to be explored. Among factors leading to dietary changes, increasing aridity could have at least triggered the emergence and abundance of new types of vegetation, such as shrublands observed in Patagonia during the second part of the Paleogene (16, 29) (Fig. 3C) , although forests probably remained dominant until the Middle Miocene in South America (15, 39) , especially in the northern part (14) . Pending more precise environmental data, it seems at least reasonable to assume that the acquisition of a more durable and rapidly efficient dentition allowed notoungulates to widen the spectrum of plants consumed (19, 40, 41) in being more tolerant toward abrasives, which partly led to their subsequent specializations. These innovations may also have allowed juvenile notoungulates to exploit more rapidly an abundant and readily available food type, which contributed to reducing the energetic cost of foraging (42) . This is the case of many extant fast-growing herbivores, such as ruminants and horses (2, 3) , and may be assumed to be the case for notoungulates. Consequently, these combined dental specializations could constitute markers of ecological and physiological changes in notoungulates associated with a more constraining environmental context.
Conclusions
Because the causes of changes in dental eruption pattern are probably multiple and complex, it is surprising to observe these repeated changes correlated with hypselodonty in notoungulates. This unique pattern therefore raises questions regarding the factors (e.g., structural or functional) that may have caused this phenomenon in late diverging notoungulates. However, even if these taxa display some similar dental trends and specializations, they also show important differences in other anatomical aspects. These differences may reflect some ecological divergence, as expressed by their huge body mass variation and their relative latitudinal partitioning (18) . This assumption is substantiated by their diverse range of dental and cranial shapes (18, 20, 41) , meaning that future research would benefit from a detailed investigation of the mosaic evolution of their masticatory apparatus.
The study of dental patterns revealed not only that notoungulates convergently underwent similar morphological and ontogenetic modifications, but it also provided crucial information on life history traits and ecology. However, the integration of bone histology in addition to studies on dental ontogeny might be insightful to further characterize the evolution of South American mammals. In a broader context, such an integrative approach could provide new insights into the different guilds of mammals evolving under strong environmental constraints.
Materials and Methods
Dentition Analyses. Seventy taxa encompassing 69 notoungulates, and Trigonostylops (Astrapotheria) as the outgroup, were considered in this study. Data concerning dental eruption involved only cheek teeth (i.e., premolars and molars) and were obtained based on juvenile and adult specimens housed in the Muséum National d'Histoire Naturelle (MNHN) (Paris), the Museo Argentino de Ciencias Naturales (MACN) (Buenos Aires), the Museo de La Plata (MLP) (La Plata, Argentina), the American Museum of Natural History (AMNH) (New York), the Field Museum of Natural History (FMNH) (Chicago), the Museo Nacional de Historia Natural (MNHN) (La Paz, Bolivia), and from the literature (SI Appendix). Data concerning estimates of body mass were mainly taken from Reguero et al. (31) and Croft (43) . Additional data were calculated following the protocol of Croft (43) based on upper first molar length (SI Appendix). Data concerning crown height of notoungulates were mainly taken from Billet (44) and a few additional specimens (SI Appendix).
Construction of the Phylogenetic Tree and Character State Mapping. To trace the phylogenetic history and describe the evolutionary patterns of the investigated dental features, we constructed a composite cladogram for the notoungulates included in our study, based on recent phylogenetic studies (32, 44, 45) (SI Appendix). The scoring of discrete characters was undertaken for the three features under scrutiny in this paper (SI Appendix): crown height, body mass, and modes of dental eruption, and for which three discrete states were defined ( Figs. 1 and 2) . A parsimony reconstruction of character evolution was performed using Mesquite version 3.04 (46) with a Deltran optimization (47) for branches whose state was ambiguous. For each reconstruction, we verified that the different optimizations did not affect the number of convergent events discussed in the text, i.e., only nonambiguous convergent events were considered in the results. In addition, stratigraphic ranges for the simplified phylogeny (Fig. 3) were taken from Madden (17) , and Reguero and Prevosti (45) , except for divergences that were located close to the first stratigraphic occurrence of taxa.
Statistics. The assessment of discrete character correlation (crown height vs. dental eruption) was made using pairwise comparisons (choosing pairs contrasting in states of two characters (SI Appendix) (35) in Mesquite version 3.04 (46) . For this purpose, a less complete cladogram was used to avoid polytomies (incompatible with pairwise comparisons) and some taxa were pruned or relocated (SI Appendix).
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